ABSTRACT In this work, we propose an atomically-thin all-graphene planar double barrier resonant tunneling diode that can be realized within a single graphene nanoribbon. The proposed device does not require any doping or external gating and can be fabricated using minimal process steps. The planar architecture of the device allows a simple in-plane connection of multiple devices in parallel without any extra processing steps during fabrication, enhancing the current driving capabilities of the device. Quantum mechanical simulation results, based on non-equilibrium Green's function formalism and the extended Huckel method, show promising device performance with a high reverse-to-forward current rectification ratio exceeding 50 000, and confirm the presence of negative differential resistance within the device's current-voltage characteristics.
I. INTRODUCTION
Graphene has triggered great excitement in the electron devices research community because of the new opportunities it brings forward through its atomically-thin structure and its unique electronic properties [1] . The lack of a bandgap in graphene has stood as a challenge for graphene-based field effect devices, however, it has opened new opportunities in analogue and RF electronics [2] .
Diodes are very important components of analogue and RF electronics, and their realization with high performance would enable next generation RF systems and Terahertz detectors. Resonant tunneling diodes (RTDs) are a family of diodes with unique capabilities, as they do not only act as rectifiers, but also exhibit Negative Differential Resistance (NDR). This NDR property enables a number of important applications, such as high frequency oscillators, ultra-fast logic devices and multi-state memory devices [3] .
An RTD incorporates a barrier across which electrons tunnel. Complementing this barrier with another barrier can further enhance the device's performance, giving rise to a structure known as the double-barrier resonant tunneling diode (DB-RTD) [4] , which blocks the flow of electrons through the device but, counter intuitively, makes it transparent to the tunneling of electrons at certain resonant energy levels. The fabrication of such a DB-RTD structure has been a great challenge as it requires vertical stacking of compound semiconductor heterostructures [4] or Si/SiGe layers [5] , which involves great fabrication complexity. Also, since it is difficult to connect multiple of them in parallel due to their vertical structure and because conduction in them is driven by tunneling only, they can only provide low peak current values.
Here we propose an all-Graphene DB-RTD which can be realized using a single Graphene Nanoribbon (GNR), without the need for doping [6] , external gating [7] , vertical stacking [8] or horizontal heterostructures [9] and requires minimum processing steps during fabrication. The planar architecture of the device also enables parallel interconnection of multiple devices in-plane without the need for any extra processing steps, enhancing the current driving capabilities of the device. The double barrier structure in our device is formed by etching two insulating trenches across the width of a GNR, defining a graphene quantum well in between them. The device structure is shown in Fig. 1 , which illustrates the inplane parallel connection of 4 devices, while Fig. 2(a) shows a single device. We study the device's electronic properties and performance using Nonequilibrium Green's Function (NEGF) formalism and the Extended Huckel (EH) method.
II. CALCULATION METHOD
Transport calculations conducted on the device were based on the EH method [10] and NEGF formalism [11] as implemented in Atomistic Tool Kit (ATK) [12] software package. The device was constructed from an armchair GNR (aGNR) with a width of 8 carbon atoms, making it from the family of aGNRs that have widths of 3p+2 carbon atoms (p is an integer). This family of aGNRs has vanishingly small band gaps or no band gaps at all [13] and hence can carry larger currents compared to other aGNRs (3p and 3p+1 families).
All dangling bonds were passivated with hydrogen. The device geometry was then optimized and the coordinates were relaxed using the Tersof potential [14] until forces on individual atoms were smaller than 0.001 eV/Å 2 .
The device structure was partitioned as three regions: semi-infinite left electrode (L), central scattering region (C), and semi-infinite right electrode (R). The mesh points in real space calculation were defined as uniformly spaced k points of 1x20x50, with 50 sample points along the transport direction, and 20 points along the width.
In the used tight-binding model the tight-binding Hamiltonian is parameterized using a two-center approximation, where the matrix elements are described in terms of overlaps between Slater orbitals on each site. The used weighting scheme of the orbital energies of the offsite Hamiltonian was according to Wolfsburg [15] . The same calculation method was used and is described in more details in [16] - [18] .
III. RESULTS AND DISCUSSION
The simulated device structure is shown in Fig. 2 (a) and its calculated transmission spectrum at zero bias voltage is shown in Fig. 2 (d). It can be clearly seen from the figure that the double barrier structure gives rise to a very sharp transmission peak that allows the transmission of a very narrow range of energies. The peak is centered at −0.33 eV (0.33 eV below the Fermi level ( F )). At all other energies, the transmission is almost zero. This may be due to the extreme quantum confinement within the graphene quantum well defined by the two insulating barrier trenches, which is confined from all three dimensions (thickness, width and length).
When a positive bias voltage (+0.4 V) is applied across the device, as shown in Fig. 2(e) , the transmission peak lies outside the bias window (the range of energies between the left ( L ) and right ( R ) electrode potentials) and hence no current flows through the device. This is further confirmed by the transmission pathways plot in Fig. 2(b) for the same bias voltage, which shows no continuous pathways within the device for current to flow through. On the other hand, when a negative bias voltage (−0.4 V) is applied, as shown in Fig. 2(f) , the transmission peak appears within the bias window. This results in strong current flow through the device by means of tunneling through the insulating trenches. This is also confirmed by the transmission pathways plot of Fig. 2(c) for the same bias voltage, which shows the presence of continuous pathways within the device and through the insulating trenches. Fig. 3(a) presents the calculated current-voltage (I-V) characteristics of the device of Fig. 2(a) , showing enhanced reverse conduction and suppressed forward conduction, resulting in strong rectification. The I-V curve also shows an NDR effect between −0.6 V and −1.0 V. At the peak (−0.6 V) a strong resonance occurs with constructive interference near the trenches greatly enhancing the flow of tunneling current through them as illustrated through Fig. 3(d) , which is a transmission pathways plot of the device at −0.6 V bias. At the valley point (−1.0 V) this resonance effect disappears and the transmission pathways, shown in Fig. 3(e) , settle back to their stable state looking steady and continuous as in Fig. 2(c) .
The I-V curve of Fig. 3(a) is re-plotted in Fig. 3(b) with logarithmic scale for the current axis in order to clarify the ratio between reverse and forward currents. The figure suggests a promising reverse-to-forward current rectification ratio that exceeds 50,000. Finally, Fig. 3(c) shows how the proposed in-plane parallel connection of multiple devices (Fig. 1) can greatly enhance the current driving capability of the device, which extends well into the µA range.
IV. FABRICATION FEASIBILITY
The proposed all-Graphene DB-RTDs are 2D planar devices, which do not require any external gating, doping or stacking of other material layers. Their fabrication can be achieved by the following steps. Once a Graphene monolayer is transferred to an insulating substrate, it can be patterned into the planar DB-RTD structure using a single photolithography step. Metallic contacts such as platinum or gold, as shown in Fig. 1 , are then formed. It is important to note that the process described above gives rise to GNRs with rough edges [19] , and may not be able to define narrow trenches for the insulating barriers. Before volume fabrication, the performance of such devices would require a Monte Carlo simulation study, in order to investigate the effect of GNR edge roughness on the device's performance, specifically its resonant behavior. Such a statistical reliability study is an important further step required before the mass production of such devices.
Nevertheless, the experimental realization of small production volumes of the devices proposed here may be achieved by first realizing GNRs with smooth edges, and then precisely etching the insulating trenches within them. The experimental realization of GNRs with smooth edges has proven to be a challenge, however, recent work has shown promising results towards achieving this goal [20] - [26] , and a number of experimental reports have reported techniques to achieve this [22] - [24] . As for the precise etching of the insulating trenches, this may be performed using Helium Ion Beam lithography [27] - [29] or single-atom catalyst chiseling [25] , both of which have been able to achieve high resolution patterning of Graphene.
V. CONCLUSION
In this paper we have proposed a new planar all-Graphene DB-RTD that greatly outperforms other types of DB-RTDs by its high reverse-to-forward current rectification ratio, which exceeds 50,000. The device involves minimal processing steps during fabrication and offers a high current driving capability through its in-plane parallel connection. The transmission spectrum of the device suggests that the 120 VOLUME 2, NO. 
